An electron microscope study has been made of the structure of parietal cells in cats, dogs, and rats and of the cells lining the gastric glands of Bufo splnulosus. It is characteristic of all these cells to contain numerous vesicles about 0.05 to 0.3 # in size. In the mammalian parietal cells an intracellular system of canaliculi is also observed, which is much more complex in the rat than in the cat or dog. Stimulation with histamine causes in the cat a very marked hypertrophy of the canalicular system with development of a large number of villi and a decrease in the number of vesicles. In Bufo, histamine induces the formation of a very complex system of membrane infoldings which circumscribe finger-like processes that entirely fill the glandular lumen. The cytoplasmic vesicles diminish or disappear.
INTRODUCTION
Secretion of hydrochloric acid by the stomach of mammals has been generally ascribed to the activity of parietal cells (l-3). However, the evidence presented in support of this conclusion is uncertain.
In this paper an a t t e m p t is made to elucidate some points in the fine structure of parietal cells in the resting state and after stimulation with histamine. These observations have been made on several species because there is considerable variation from one to another in the pattern of hydrochloric acid secretion.
The stomach of amphibians, for example, does not possess typical parietal cells. I t was then considered of interest to see whether the structures that characterize the parietal cell exist also in the gastric cells of amphibians and what changes they undergo after histamine stimulation.
Material and Methods 1. Mammals:
(a) Cat.--Six cats in the fasting state were studied.
In four of them, I rag. of histamine phosphate was in-*Supported by a grant from the Gildemeister Foundation, Santiago, Chile. jected subcutaneously between 10 minutes and ~/~ hour before the taking of the gastric mucosa sample. The stomach was opened under nembutal anaesthesia and the pH of the mucosal surface was measured with Merck pHydrion paper; the values fluctuated between 1 and 1.5 units. Two cats were handled similarly but without histamine injection; the pH of the mucosa was between 6 and 7.
(b) Dog.--The gastric mucosa of a dog in the fasting state was studied without previous injection of histamine; the pH of the mucosa was 6.
(c) Rat.--Two fasting rats were studied without injection of histamine. In all these animals the fixative was injected with a fine needle into the submucosa immediately after measuring the surface acidity. A small piece of mucosa was then dissected with fine scissors and fragmented in the fixative with a razor blade into small cubes, of size not larger than 1 mmL
Amphibians:
The Chilean toad Bufo splnulosus was used. Two animals were injected subcutaneously with 0.5 rag. of histamine phosphate. One hour later they were laparotomized and the stomach was resected between two clamps. The control animals were treated in the same way but without histamine injections. The stomachs of all these animals were completely empty of food. Pithing of the spinal chord was avoided in order to preclude a secretion of hydrochloric acid through sympa-
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FINE STRUCTURE OF PARIETAL CELLS thetic paralysis (4) . The stomach of the animals treated with histamine contained a large amount of a viscous, clear, and highly acid liquid (pH between 1 and 2). The mucosa showed hyperemia. In the control animals the stomach contained almost no liquid and the pH of the mucosa was 5. The mucosa was so thin that it was deemed unnecessary to inject the fixative in situ as was done in the mammals. The small pieces of the gastric walls were fragmented with a razor blade, the muscular layer being separated from the nmeosa during fixation. Fixation was performed in I per cent osmium tetroxide buffered with veronal-acetate to a pH between 7.6 and 7.8 as suggested by Palade (5) . The pieces were dehydrated in ethanol at increasing concentrations, after remaining in the fixative for 90 minutes at 0°C., then washed in acetone, and embedded in n-butyl methacrylate at a temperature of 60°C. The blocks were cut in a Porter-Blum microtome with a glass knife. The thickness of the sections was estimated by interference colors, the silver and golden hues being selected. The sections were examined with a Siemens electron microscope of the type Elmiskop II, with accelerating voltages of 40 and 50 kilovolts and with an objective aperture of 30 ~z. Micrographs were taken at magnifications between 1500 and 15,000 X and photographically enlarged.
The parietal cells are very sensitive to faulty fixation technique. They tend to swell and to show alterations in the vesicles, which coalesce, their walls being reduced to irregularly shaped clusters. This report is based on the study of a great number of cells that were, in the opinion of the authors, correctly fixed. Fig. 1) . In the region close to the neck of the glandular tubule, the parietal cells protrude into the lumen and frequently, a part of the surface of one cell is covered by a prolongation of an adjacent cell. In the deeper part of the gland, the cells are separated from the lumen by the zymogenic cells, between which runs the thin excretory duct of the parietal cell (less than 1 ~ in diameter).
(b) Canaliculi.--These have been described as constituting a network of intracellular ducts which open to the outside of the cell through one or more branches (1, 3) . In the electron micrographs, sections through this network show different aspects. Most frequently they appear as in Figs. 1 and 2; the short villi of their walls in contact with each other, as if the duct were collapsed. Because of the smallness of the cleft-like lumen, identification may be difficult, and the canalicular system may seem to be much less extended than it really is. Sometimes, the canaliculus has a wide lumen and its walls appear folded into short villi measuring between 0.I and 0.5 ~ in height.
The membrane lining the canaliculi appears formed by two dense parallel lines or layers which lie at a distance of about 10 m~t from each other (Fig. 3) .
(c) Vesicles.--These are one of the most conspicuous components of the cytoplasm. They abound in the apical zone of the cell, filling all the space between the glandular lumen and the basal zone of the cell which is occupied by the nucleus and the mitochondria. They measure from 0.I to 0.3 ~ in diameter, and are extremely abundant: at places micrographs show 25 to 30 vesicles per square micron. Generally circular in outline, except where they are very closely packed, they may also have elliptical or polygonal form. In equatorial sections their membrane can be seen as a dense line about I0 m/z thick. When they are sectioned near the poles, the oblique section of the membrane is seen as a shadow of moderate density inside the vesicle (Fig. 2) . Their interior seems empty.
(d) Mitochondria.--These are generally situated in the basal zone of the cell. They are frequently spherical, those of a longer cylindrical shape being uncommon. Their internal structure does not differ greatly from that observed in other cells fixed with osmium tetroxide. The cristae mitochondriales are very numerous and the matrix in which they are contained has a high electronoptical density. No granular elements of a size comparable to mitochondria can be found in the micrographs; therefore it seems necessary to conclude that the oxyphylic granules of the parietal cells are really mitochondria (3) .
(e) Vacuole-Containing Bodies.--In nearly all
sections, one or two of these elements were observed. They were described in the parietal cells by Hally (6) . They have spheroidal shape, measure about 0.5 # in diameter, are bounded by a dense membrane, and contain vesicles about 50 m# in diameter. The number of these vesicles fluctuates from 2 to 30 for each section ( (g) Spirilla.--Since their presence in the parietal cells may introduce difficulties of interpretation, a description of these elements is included here, even though they are not a part of the cell structure. They were described in parietal cells by Bizzozero (7) and Salomon (8) and their presence has been confirmed in the stomach of man, cat, dog, and rat (for references, see Plenk, 3) , where they occupy the glandular ducts and even penetrate the intracellular canaliculi. Fig. 4 shows a longitudinal section through a spirillum inside an intracellular duct. They appear to be limited by a membrane of "-dO mt~ in thickness and to consist of a very dense granular material. Sometimes they are found in the terminal branches of the canalicular system, separating the walls of the collapsed duct. (b) Changes in the Canalicular System.--These are by far the most prominent feature of the response. The cells appear pierced by a system of very tortuous ducts, which transform the interior of the cell into a labyrinth (Fig. 5) . The walls of the ducts are covered with villi measuring about 0.1 # in diameter and 1 # in length. These villi are lined with a membrane which seems to be constituted by two dense layers with a separation of about 10 m~. In some places the villi are loosely arranged while in others they are packed together forming a stockade. Tangential sections through such zones of ducts produce images in which sectioned villi may be mistaken for vesicular elements.
Mucosa after Stimulation with

B. Parietal Cells of the Dog Stomach
These were studied only in one fasting animal. The only noteworthy difference between cat and dog parietal cells is a greater abundance of ducts with patent lumina in the latter.
C. Parietal Cells of the Rat Stomach
These are very similar to those already described. The most noteworthy difference lies in the extension and complexity of the canalicular system. In spite of the fact that the animals were in a fasting state, tortuous ducts with abundant villi were found inside the cells (Figs. 6 and 7) . Sometimes the parietal cell makes contact with the glandular lumen in an extended area which is covered by villi (Fig. 6) . In many cells the number of vesicles is relatively small. The vesicles are similar in aspect to those of the dog or cat. Occasionally they can be seen inside a villus (Fig. 7) --an appearance which may be mistaken for a triple membrane at the villus surface.
D. Cells of the Gastric Glands of the Bufo spinulosus
The gastric glands of Bufo show several types of cells. The present description concerns only one of them, characterized by the presence in the resting gland, of vesicles similar to those described in the parietal cell of mammals.
Resting Cells:
These are large, and basal, middle, and apical zones can be distinguished in them.
(a) Basal Zone.--In this part are located the nucleus, numerous elongated mitochondria with abundant cristae mitochondriales, elements of the endoplasmic reticulum, and some secretion granules which are more abundant in the middle zone, and will be described with it. Many small vesicles, up to 50 mt~ in diameter, are also found. The cell membrane shows a few infoldings both in the region of the basement membrane and in the sites of contact with adjacent cells.
(b) Middle Zone (Fig. 8 ).
--It contains mitochondria, secretion granules, and vesicles, and extends, sometimes, until contact is made with the lumen. The secretion granules are spheroidal in shape, and their diameter varies in the section from 1 to 1.5 ~. They are bounded by a dense membrane about 10 m# thick and filled with material which, at the magnifications employed, looks homogeneous and structureless. Sometimes these granules are seen very close to the cellular membrane in the region of the glandular lumen, and in some micrographs they have an appearance which suggests that their contents are being emptied into the outside while their membrane becomes continuous with the cell membrane. The middle zone of the cell is filled with vesicles very similar to those described in the mammalian 370 FINE STRUCTURE OF PARIETAL CELLS cells. They differ from these latter mainly in their size, the largest being about 0.15 # in diameter. They are usually much less closely packed together than in mammalian cells. The vacuolecontaining bodies measure about 0.5 # in diameter and seem to contain a much greater number of microvesicles than those of the cat or the rat.
(c) Apical Zone and Lumen of the Glands.--The
glandular lumina are filled with a homogeneous material, of the same density as the secretion granules. The zone of cytoplasm immediately adjacent is folded into club-like processes of varying size (Fig. 8) . The cytoplasm inside these processes has very low electron-optical density and shows some small vesicles and scattered particles. Occasionally the apical zone is lacking and the middle zone is in direct contact with the lumen.
Gastric Cells of Bufo after Histamine Injection:
The alterations in cell structure are striking, and a section taken from a stimulated gland can readily be distinguished from one belonging to a resting mucosa. The changes affect the apical and middle zones of the cell.
The glandular lumina become entirely filled with the greatly hypertrophied apical zone. The few thick club-like processes of the resting stage, are replaced by a very extensive system of membrane infoldings, which form a complex network in the apical portion of the cell (Fig. 9) . The image observed seems to correspond to long, tortuous, and possibly branched cytoplasmic processes, about 0.25 # in diameter, containing a clear cytoplasm with few vesicles and granules. The middle zone of the cell practically vanishes. The vesicles are reduced in number almost to the point of disappearing, with the result that the apical zone seems to be directly continuous with the basal zone. DISCUSSION 
Changes in Membrane Surface during Secretion:
The evidence presented shows that in Bufo, as well as in the cat, the surface of the cell membrane increases after histamine stimulation. The method employed here does not allow a quantitative study, but some approximate estimates can be made. In stimulated cats the intracellular canaliculi show closely packed villi of about 0.1 # in diameter and 1 # in length. This represents, for an initially flat membrane, a twenty-fold increase in membrane area. To assume a flat membrane is not entirely justified, since even resting canaliculi show a certain number of short villi. Nevertheless, this rough estimate gives an idea of the order of magnitude of the alteration during histamine action.
In the case of Bufo, the increase in surface is perhaps not so large, but it is also evident, as shown by comparing Figs. 8 and 9 . This observation raises the question of how the cell manages to produce this considerable amount of membrane in a comparatively short period of time. In Bufo it is particularly clear that the process of secretion is accompanied by a decrease, even a disappearance of the cytoplasmic vesicles (Fig. 9) . The number of vesicles in the cat is more difficult to estimate, but it seems certain that their number also diminishes during secretion. It is then possible to imagine that the abundant membranous material lining the vesicles is used by the cell to increase its external surface during activity. If the surface area of the vesicles contained in one cubic micron of cytoplasm of a cat parietal cell is estimated, a figure on the order of 10 #2 results 1
In Bufo the surface of the vesicles must be less, since they are smaller and less numerous. In any case, this shows that each cell might possess a reserve of several hundred #2 of membrane. It should be pointed out that such a membrane reserve might be present in a wide variety of cells showing vesicular elements in their cytoplasm. But it is difficult to prove unless their membrane activity is intermittent and easily stimulated as in the cells of the cat and Bufo.
Role of Parietal Cells in the Secretion of Hydrochloric Acid:
Some of the observations reported here are relevant to this much-debated question. Judging from their fine structure, it seems very improbable that parietal cells could figure in the secretion of a protein such as pepsin (9) . Essentially this same argument by exclusion has been (since the time of Heidenhain, cited by Plenk (3)) one main reason for relating parietal cells to hydrochloric acid secretion. Now additional support for the relationship is provided by the experiments described above, for it 1 The number of vesicles per ~2 of section in the resting cat cell is 12 to 25, and the sum of their perimeters 6 to 13 #.
If a section thickness of 0.1 # is assumed, the vesicle surface per #2 of section ranges from 0.6 to 1.3 #2 and the total vesicle surface per #3 can be estimated at 6 to 13 #~. has also been shown that the parietal cells undergo extensive changes when subjected to the action of a potent stimulant of hydrochloric acid secretion, such as histamine. Of course, since its action is not that limited (10, 11) , histamine could produce alterations in the parietal cells not necessarily linked with the secretion of HCI. That this is not the case, however, in our experiments is evident when the parietal cells of the fasting rat are considered. These cells have an appearance very similar to that of secreting cat mucosa (Figs. 6 and  7) , and this finding can be correlated with the fact demonstrated by Friedman (12) and Komarov (13) , that the rat stomach secretes HC1 continuously. It is, therefore, highly probable that the image of an extensive canalicular system covered with villi is typical of secreting parietal cells.
Hally (14) has recently published a very complete description of the parietal cell in the mouse, where he observed a canalicular system comparable in extension and complexity to that of the rat. Beremblum (15) has reported that mice have intermittent secretion like men, dogs, and cats, but he points out that it is very difficult to obtain in them a complete gastric emptying. Because of this fact the mouse stomach has been long considered as showing continuous secretion (16) . Since Hally does not give the pH of the gastric contents of the mice that he used, it is not possible to judge whether they were secreting or not. Nevertheless, in the light of evidence reported in these papers it seems more probable that they were.
The arguments proposed do not allow a definite conclusion as to the exact mode of operation of the parietal cell in hydrochloric acid secretion. The experiments are compatible with the possibilities that the parietal cell secretes either HCI (1, (17) (18) (19) (20) , a precursor (2), either of the ions H or C1 (21) (22) (23) or even water.
Endoplasmic Reticulum and Secretion Granules in Gastric Cells of Bufo:
The cells in the gastric glands of Bufo possess a well developed endoplasmic reticulum. This is probably related to the production of large secretion granules. No structure comparable to these can be found in mammalian parietal cells. It is possible that these latter represent a higher degree of specialization wherein only those functions requiring the presence of the mitochondria and vesicles are retained.
Vacuole-Containing Bodies:
Hally (6) has reported changes in the vacuolecontaining bodies of mice after pilocarpine injection. Such changes have not been observed in the cat or Bufo. This difference in behavior might be due either to the animal species employed or to the use of a different stimulant.
Spirilla:
It is perhaps advisable to draw attention to the presence of the spirilla, which apparently lead a saprophytic existence in the intracellular ducts. Perhaps study of the biology of these organisms in culture may throw some light upon the conditions of their normal habitat, and thus yield some information about the content of the intracellular canaliculi.
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